Objective-We have previously shown that the intramuscular transfer of the anti-monocyte chemoattractant protein-1 (MCP-1) gene (called 7ND) is able to prevent experimental restenosis. The aim of this study was to determine the in vivo efficacy and safety of local delivery of 7ND gene via the gene-eluting stent in reducing in-stent neointima formation in rabbits and in cynomolgus monkeys. Methods and Results-We here found that in vitro, 7ND effectively inhibited the chemotaxis of mononuclear leukocytes and also inhibited the proliferation/migration of vascular smooth muscle cells. We then coated stents with a biocompatible polymer containing a plasmid bearing the 7ND gene, and deployed these stents in the iliac arteries of rabbits and monkeys. 7ND gene-eluting stents attenuated stent-associated monocyte infiltration and neointima formation after one month in rabbits, and showed long-term inhibitory effects on neointima formation when assessments were carried out at 1, 3, and 6 months in monkeys. Key Words: restenosis Ⅲ inflammation Ⅲ leukocytes Ⅲ stents Ⅲ smooth muscle cells T he use of polymer-coated drug-eluting stents (DES) for local drug delivery has proved to be a useful strategy for the prevention of restenosis. 1-3 However, recent clinical reports raise the possibility of a risk of stent thrombosis in DES compared with bare metal stent. 4 -6 Drugs released from first-generation DES (sirolimus or paclitaxel) exert distinct biological effects 3,4 : although primarily aimed to prevent vascular smooth muscle cell (VSMC) proliferation, which is one of central factors in the pathogenesis of restenosis, they also impair reendothelialization, which leads to delayed arterial healing and thrombogenesis. The use of sirolimuseluting stents in a porcine model was associated with no apparent long-term effects and with the delayed inflammation and proliferation. 7, 8 In human pathologic study with 40 patients who died after the currently-approved DES implantation, it was suggested that the DES caused a persistent fibrin deposition and delayed reendothelialization compared with bare metal stent implantation. 9 Therefore, the development of a novel DES system with less adverse effects is needed.
T he use of polymer-coated drug-eluting stents (DES) for local drug delivery has proved to be a useful strategy for the prevention of restenosis. [1] [2] [3] However, recent clinical reports raise the possibility of a risk of stent thrombosis in DES compared with bare metal stent. 4 -6 Drugs released from first-generation DES (sirolimus or paclitaxel) exert distinct biological effects 3, 4 : although primarily aimed to prevent vascular smooth muscle cell (VSMC) proliferation, which is one of central factors in the pathogenesis of restenosis, they also impair reendothelialization, which leads to delayed arterial healing and thrombogenesis. The use of sirolimuseluting stents in a porcine model was associated with no apparent long-term effects and with the delayed inflammation and proliferation. 7, 8 In human pathologic study with 40 patients who died after the currently-approved DES implantation, it was suggested that the DES caused a persistent fibrin deposition and delayed reendothelialization compared with bare metal stent implantation. 9 Therefore, the development of a novel DES system with less adverse effects is needed.
We have recently devised a new gene therapy strategy for the delivery of the anti-monocyte chemoattractant protein-1 (MCP-1) in which plasmid cDNA encoding a mutant MCP-1 gene is transfected into skeletal muscle. 10 This mutant MCP-1 protein, called 7ND, lacks the N-terminal amino acids 2 through 8 and has been shown to function as a dominantnegative inhibitor of MCP-1. Using this systemic gene transfer strategy, we have demonstrated that blocking MCP-1-derived signals reduced neointima formation after balloonand stent-induced injury [11] [12] [13] [14] and atherosclerosis 15, 16 in animals, including nonhuman primates. Overall, these data suggest that an antiinflammatory strategy targeting MCP-1 may be an appropriate and reasonable approach for the prevention of restenosis.
Local delivery of 7ND through a gene-eluting stent may have advantages beyond those of the current first-generation DES devices: 7ND does not affect endothelial regeneration and proliferation 11 and may also inhibit proliferation of VSMC. 17, 18 Previous studies have reported that stents coated with a polymer emulsion containing plasmid DNA were able to effect successful transgene delivery and expression in arteries. 19 -21 In this study, we examined the possibility that a 7ND gene-eluting stent might reduce in-stent neointima formation. To assess its potential clinical utility, we used a nonhuman primate model of stent-associated neointima formation. 11 The specific aims of this study were (1) to use biocompatible polymer technology to create a 7ND geneeluting metallic stent; (2) to determine whether the 7ND gene-eluting stent was able to reduce in-stent inflammation and neointima formation, and to assess any potential adverse effects in vivo; and (3) to determine the effects of the 7ND protein on the chemotaxis of mononuclear leukocytes and on the proliferation of VSMCs in vitro.
Materials and Methods

Plasmid Expression Vectors
This section is available in the supplemental materials (available online at http://atvb.ahajournals.org).
Stent Preparation and Measurement of In Vitro DNA Release Kinetics
A 15-mm-long stainless-steel balloon-expandable stent was dipcoated under sterile conditions with multiple thin layers of biocompatible polymer (polyvinyl alcohol [PVOH] , GOHSENOL EG-05, Nippon Gohsei Inc) The polymer solution additionally contained either the 7ND cDNA plasmid, the GFP plasmid, or the ␤-galactosidase plasmid; polymer containing no added plasmid was also included as a control. The coated stent was then mounted over a 3-mm balloon catheter; a noncoated stent mounted over the same balloon catheter was used as a control. To measure DNA release kinetics in vitro, the 7ND plasmid-coated stents (nϭ8) were immersed in Tris-EDTA buffer, and the plasmid that was subsequently eluted into the buffer was measured using a thiazole fluorescence assay. Additional details are in the online data supplement.
Stent Implantation and Analysis in the Rabbit Model
The animal model experiments were reviewed and approved by the Committee on Ethics on Animal Experiments, Kyushu University Faculty of Medicine, and were performed according to the guidelines of the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Male Japanese white rabbits (KBT Oriental, Tokyo, Japan) weighing 3.0 to 3.5 kg were fed a high-cholesterol diet containing 1% cholesterol and 3% peanut oil for 2 weeks before stent implantation. Animals were anesthetized and were randomly divided into 2 groups, which underwent deployment of either a noncoated bare metal stent (nϭ14) or a 7ND gene-eluting stent (nϭ14) in the right femoral artery as described previously. 11 All animals received aspirin at 20 mg/d until euthanasia from 3 days before stent implantation procedure. After venous blood samples were taken, animals were euthanized with a lethal dose of anesthesia at days 10 (nϭ7 each) and 28 (nϭ7 each), and the stented arterial sites and contralateral nonstented sites were excised for biochemical, immunohistochemical, and morphometric analyses. In addition, the plasma levels of total cholesterol levels were determined with commercially available kits (Wako Pure Chemicals).
The stented artery segments were processed as described previously. 11 Additional details are in the online data supplement.
Stent Implantation and Analysis in the Monkey Model
This section is available online.
Purification of the 7ND Protein
Protein Expression of the MCP-1 Receptor (CCR2)
Leukocyte Chemotaxis Assay
Proliferation Assay in Vascular Smooth Muscle Cells
Angiogenic Activity of Endothelial Cells
Agarose Gel Electrophoresis and Cell Transfection Studies
Statistical Analysis
Data are expressed as meansϮSE. The statistical analysis of differences between 2 groups was assessed with the unpaired t test, and the statistical analysis of differences among 3 groups was assessed by using ANOVA and Bonferroni multiple comparison tests. Probability values Ͻ0.05 were considered to be statistically significant.
Results
Kinetics of DNA Release and Expression of Plasmid DNA
Scanning electron microscopy analysis revealed that polymer coating formed a uniform film over the outer surface of the stent (supplemental Figure IA) . After balloon expansion, the polymer stretched, but no fragmentation was observed. An analysis of the plasmid DNA release kinetics in vitro showed an early burst of release, such that Ϸ80% of the total amount released was present 1 day after implantation, and maximal release occurred by 3 days after implantation (supplemental Figure IB) . Analysis of the DNA eluted from the stent by agarose gel electrophoresis showed that the DNA was structurally intact, and the functionality of the eluted DNA was confirmed by the ability of an eluted GFP plasmid to successfully be transfected and expressed in THP-1 cells and human coronary artery VSMC (hCASMC; supplemental Figure II) .
Before examining the stent-based administration a plasmid encoding the 7ND protein, we first tested the stent-based delivery of the bacterial lacZ gene, which encodes the easily detectable protein ␤-galactosidase. Three days after stent implantation in the rabbit iliac artery, we saw expression of ␤-galactosidase at the gene-eluting stent site, but not at the site of implantation of a bare, non-coated metal stent, which was used as a negative control (Figure 1 ). X-gal staining of cross-sections was used to detect the expressed protein, and revealed that staining for ␤-galactosidase was localized mostly in the intima and on the luminal side of the media, and was present at a lesser extent in the adventitia. No induction of protein ␤-galactosidase was observed 7 days after stent implantation.
Effects of 7ND on Neointima Formation in Rabbit and Monkey Animal Models
The infiltration of RAM-11-positive macrophages around the stent strut for the non-coated control stent was observed at 10 days after stent implantation ( Figure 2) ; this was consistent with our previous results. 11, 22 In contrast, the 7ND geneeluting stents reduced the severity of macrophage-induced inflammation (Figure 2) . Although an in-stent neointima formed similarly in the non-coated stent and 7ND gene-eluting stent (histopathologic pictures in supplemental Figure  IVA) , quantitative analysis demonstrated a significant reduction in neointima formation in the 7ND gene-eluting stent site compared with the noncoated control stent sites ( Figure 3A) . However, there were no significant differences in stent area, IEL area, or medial area between rabbits receiving either the noncoated stent or the 7ND-eluting stent.
We also examined the effect of 7ND gene-eluting stents on inflammation and neointima in a monkey model. At sites in which a noncoated stent was implanted, an in-stent neointima was present at 1, 3, and 6 months after stenting (histopathologic pictures in supplemental Figure IVB) . Quantitative analysis revealed that there was a significant reduction in neointima formation at sites in which the 7ND gene-eluting stent had been implanted compared with the noncoated control stent sites ( Figure 3B ). There were no significant differences in stent area, IEL area, or medial area between the 2 groups.
Histological and Biochemical Analysis
Biochemical analysis showed that after stenting, serum concentrations of MCP-1 increased transiently after deployment of bare metal and 7ND gene-eluting stents in monkeys. There was no significant differences in MCP-1 levels between the 2 groups (supplemental Figure V) .
A histological analysis showed that there was no significant difference in the injury score or the inflammation score between the two groups of rabbits (supplemental Tables I and  II) or monkeys (supplemental Table III ). The endothelial cell linings, as monitored by CD31 immunoreactivity, were present at an approximately equal extent in the 2 groups (supplemental Tables II and III) .
Delivery of 7ND gene-eluting stents did not have any significant effect on serum cholesterol levels, as serum cholesterol was similar in animals receiving the noncoated stent or the 7ND-coated stent; this was true both in rabbits (data not shown) and in monkeys (supplemental Table IV ). 
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We additionally measured body weight, serum biochemical markers, and blood cell count in monkeys (supplemental Tables IV, V , and VI) and found no systemic adverse effects resulting from 7ND administration or significant treatmentassociated differences in body weight between the 2 groups.
The Presence of CCR2 Protein on Human Coronary Arterial Smooth Muscle Cells
To validate our method for CCR2 detection, Western blot analysis was performed in peritoneal macrophages as control. Protein expression of CCR2 was actually detected in peritoneal macrophages isolated from wild-type mice. In contrast, no signal was detected in CCR2-knockout mice (supplemental Figure IIA) . Immunoblot was then performed in hCASMC and human macrophages (THP-1) using the same antibody. The presence of CCR2 was detectable in hCASMCs as well as in human macrophages (supplemental Figure IIB) .
Effect of the 7ND Protein in Cultured Vascular Cells
The 7ND protein inhibited the MCP-1-induced chemotaxis of mononuclear cells ( Figure 4A ). The dose of 7ND at which 50% of the observed chemotaxis was inhibited (IC 50 ), was at a ratio of 1:10 relative to the concentration of the MCP-1. This inhibition was specific for MCP-1, as 7ND had no effect on the interleukin (IL)-8 -induced chemotaxis of polymorphic nuclear leukocytes. 7ND inhibited the MCP-1-induced proliferation of hCASMCs ( Figure 4B ).
To examine the effects of 7ND on endothelial proliferation, we examined whether 7ND had any effect on the known capacity of VEGF to increase the capillary density of CD31-positive endothelial cells, 23 and found that 7ND had no apparent effect on VEGF-induced angiogenic activity ( Figure 4C ).
Discussion
In this study we found that implantation of a 7ND geneeluting stent reduced in-stent neointima formation with no evidence of adverse effects in rabbits or in nonhuman primates (cynomolgus monkeys). Although there is currently no clear consensus regarding which animal model (rabbit, dog, pig, monkey, etc.) is most appropriate for the evaluation of in-stent restenosis, 24 nonhuman primate models may have advantages over nonprimate animal models, because the results of efficacy and safety tests performed in such nonhuman primates can be applied to humans. Therefore, the use of nonhuman primates may allow for the evaluation of the efficacy and safety of therapies under conditions that more closely approximate those of the human physiology. The results presented here support the notion that that MCP-1 plays a central role in the pathogenesis of in-stent neointima formation (in-stent restenosis), and also provide evidence for feasibility of using the 7ND gene-eluting stent for prevention of in-stent restenosis in a human interventional setting.
Although DES reduces the rate of restenosis and targetvessel revascularization below 10%, increased risk of late in-stent thrombosis resulting in acute myocardial infarction and death after the use of the first-generation DES devices is becoming a big problem. 4 -6 Silorimus and paclitaxel have been shown to impair reendothelialization and arterial healing process, resulting thrombogenesis attributable to increased expression of tissue factor. 4 In addition, nonbiocompatible polymers used to load these drugs have been associated with DES thrombosis. 25 However, no such adverse reactions were noted in this study especially in monkeys even after cessation of ticlopidine. In addition, 7ND showed no effect on proliferation of human endothelial cells in vitro. This suggests that the 7ND gene transfer does not appear to impair the healing process of endothelial cells in a stented arterial wall, so in these respects, this approach may have an advantage over the first-generation DES devices. We have shown that the biocompatible polymer and plasmid DNA coating material used in this study did not appear to cause any adverse reactions during a 1-month observation period in rabbits and during a 6-month observation period in monkeys. Therefore, we suggest that the blockade of MCP-1 via the 7ND gene-eluting stent may become a promising therapeutic strategy for treatment of restenosis, and that this strategy may have a low level of potential adverse effects.
From a perspective of clinical applicability, it is important to take into account any potential systemic toxicity associated with stent-based delivery of 7ND DNA plasmid. We demonstrated that 7ND gene-eluting stent, which elutes plasmid DNA at a dose of Ϸ0.8 mg/ body [Ϸ0.23 mg/kg in rabbits (BWϭabout 3.5 kg) and Ϸ0.16 mg/kg in monkeys (BWϭabout 5 kg)], did not induce any significant inflammatory or immune reactions. We have previously reported that the systemic intramuscular transfer of plasmid cDNA encoding the 7ND gene at doses ranging from 0.5 to 10 mg/kg was nontoxic and safe in nonhuman primates, 12, 14, 26 rabbits, 11 rats, 14 and mice. 12 In addition, knockout mice lacking MCP-1 27 or the MCP-1 receptor (C-C chemokine receptor 2: CCR2) 28 displayed no serious health problems, suggesting that inhibition of MCP-1 is not physiologically toxic. From a toxicological point of view, because the dose of 7ND plasmid eluted from stents would be even lower in human subject (Ϸ0.01 mg/kg for patients weighing 80 kg), it would be unlikely that the 7ND gene-eluting stent would cause any toxicity in humans. In clinical trials of plasmid DNA-based gene therapy in which DNA was administered into the lower limb, 29 myocardium, 30 or coronary artery 31,32 at 2 to 4 mg/ body, no systemic adverse effects were reported. Overall, these safety and feasibility data support the notion that stent-based gene therapy could safely be applied to human subjects.
We have previously reported that 7ND gene transfer not only suppressed inflammation (monocyte infiltration), but also reduced the number of proliferating SMCs in the neointima after injury. 11, 13, 14 Therefore, besides monocytemediated inflammation, we hypothesized that 7ND inhibits MCP-1-induced proliferation of SMCs. This notion is in line with several recent reports 17, 18, 33 demonstrating that (1) mRNA and protein for the receptor for MCP-1, CCR2, are detectable in vascular SMCs; and (2) MCP-1 induces SMC proliferation in vitro. However, the effects of MCP-1 and CCR2 on SMC proliferation are controversial: several studies reported that MCP-1 either has no effect 34 or inhibits proliferation. 35 These conflicting conclusions are discussed to result from species specificity for MCP-1 activity in an article 17 where human MCP-1 was used to proliferate human SMCs. Furthermore, MCP-1 induces tissue factor in murine SMCs from CCR Ϫ/Ϫ mice, 36 suggesting the possible presence of alternate MCP-1 receptor in murine SMCs. Therefore, we used human MCP-1 to stimulate hCASMCs in culture, and found that in addition to potent inhibitory actions on monocyte chemotaxis, 7ND inhibited proliferation of hCASMCs induced by human MCP-1. The presence of the receptor for MCP-1, CCR2, on the hCASMCs was also established. Therefore, our present data suggest that 7ND directly inhibits human SMC proliferation, in addition to its known effects on monocytes present in the in-stent vascular lesion.
In conclusion, strategy of inhibiting the action of MCP-1 with a 7ND gene-eluting stent reduced in-stent neointima formation with no evidence of either systemic or local adverse effects in rabbits and monkeys. These data suggest that anti-MCP-1 gene therapy via 7ND gene-eluting stents may be a clinically relevant and feasible therapeutic strategy for the treatment of in-stent restenosis. Further clinical trials are needed to examine this possibility. 
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